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MECHANISM  SWITCHING  AND  TRAPPING  OF  TRIPLET-TRIPLET  ENERGY  TRANSFER 
IN  AN  ORIENTATION ALLY  DISORDERED  MOLECULAR  SOLID 

Jack  R.  Morgan  and  M.  A.  El  Sayed 
Department  of  Chemistry  and  Biochemistry 
University  of  California 
Los  Angeles,  California  90024 

ABSTRACT 

The  separation  between  the  ions  or  molecules  in  disordered  solids 

varies  at  random.  The  optical  transition  energy  could  also  vary  over  a 
wide  range  for  the  different  molecules  or  ions  in  the  solid  resulting 
in  a  large  inhomogeneous  line  width  (Av^^).  This  allows  energy 
transfer  and  spectral  diffusion  studies  to  be  carried  out  between  the 
same  chemical  species  but  at  different  local  environments  in  these 
solids  using  lasers  for  excitation.  Furthermore,  when  carried  out  at 
temperatures  at  which  kT  <<  Av  ,  energy  transfer  becomes 

unidirectional,  i.e.  to  molecules  or  ions  having  transition  energies 
equal  or  lower  than  the  laser-excited-donors  within  the  inhomogeneous 
profile.  This  allows  studies  on  the  dependence  of  the  rate  and 

mechanism  of  the  energy  transfer  on  the  acceptor  concentration  (i.e. 

on  donor-acceptor  separation)  to  be  carried  out  by  simply  changing  the 
laser  wavelength  within  the  inhomogeneous  profile.  By  analyzing  the 
temporal  behavior  of  the  emission  intensity  of  the  pulsed-laser-excited 
set  of  molecules  or  ions  (donors),  the  mechanism  of  the  excitation 
transfer  can  be  elucidated.  These  types  of  studies  are  carried  out  on 
the  triplet-triplet  energy  transfer  in  a  unique  type  of  disordered 
solid,  orientationally  disordered  molecular  solids,  e.g. 
1-bromo, 4-chl oronaphthalene  (BCN)  neat  solid.  In  this  solid,  the  T, -Sn 


transit  ion  energy  is  inhomogeneously  broadened  with  Av .  «  64  cm  ' . 

inn 

The  temporal  behavior  of  the  donor  emission  intensity  can  be  described 
by  a  one-dimensional  electronic  exchange  mechanism,  expected  for 
triplet-triplet  energy  transfer  in  this  system,  at  laser  wavelengths 
for  which  the  mole  fraction  of  acceptors  is  >  0.1.  At  longer 
wavelengths,  i.e.  for  acceptor  mole  fractions  <  0.1,  the  lower  energy 
acceptors  are  on  the  average  at  distances  for  which  the  exchange 
mechanism  becomes  inefficient.  This  might  explain  the  observation  that 
at  these  wavelengths,  the  intensity  temporal  behavior  can  be  described 
by  the  long  range,  three  dimensional  electric  dipole-dipole  mechanism. 
Not  only  the  observed  temporal  behavior  but  also  the  quantitative 
acceptor  concentration  dependence  results  point  out  to  the  possibility 
of  the  mechanism  switching  for  the  triplet-triplet  energy  transfer 
process  in  this  system. 

At  still  larger  donor-acceptor  separation,  the  dipole-dipole 
mechanism  becomes  inefficient  and  the  excitation  energy  becomes  trapped 
on  some  of  these  randomly  distributed  sites.  This  allows  radiative 
processes  to  be  observed  from  these  sites.  As  a  result,  the  observed 
emission  profile  of  the  solid  at  low  temperature  is  determined  by  the 
energy  distribution  of  the  emission  of  the  trapping  sites.  Predictions 
based  on  these  ideas  are  used  and  a  fit  is  made  to  the  4.2  K  observed 
phosphorescence  profile  of  the  BCN  solid.  The  theoretical  fit  to  the 
observed  emission  profile  is  discussed  in  terms  of  the  possible  energy 
transfer  mechanism(s)  discussed  above. 


INTRODUCTION 


In  recent  years,  considerable  interest  has  been  shown  in  the 
optioal  properties  of  disordered  solids,  where  the  disorder  can  affect 
both  the  static  and  dynamic  properties  of  electronic  excitations. 
Reaearch  activities  have  been  in  three  different  types  of  these 
systeas:  the  first  is  rare-earth  ions  in  inorganic  glasses^1-^1 , 
second  is  protonated  in  denterated  isotopically  mixed  aromatic 
crystals1  '  ,  and  third  (aore  recently)  is  orientationally  disordered 

solids (ODS).  The  latter  are  aolecnlar  crystals  which  retain  a 
high  degree  of  translational  correlation  in  terms  of  lattice  positions 
of  the  center  of  mass  and  general  aolecnlar  orientation  bnt  show  a 
distribution  of  orientations  with  respect  to  substituent  groups^111. 
An  exaaple  of  this  type  of  disorder  is  the  l-broao,4-chloronaphthalene 
(BCN)  crystal1121. 

In  all  of  the  above  systeas,  the  disorder  results  froa  a  randoa 

distribution  of  the  separation  between  the  different  aolecules  or  ions 

being  studied.  In  the  first  and  third  systeas,  the  separation  as  well 

as  the  transition  energy  of  the  aolecules  or  ions  of  interest  can  also 

vary  over  a  reasonably  wide  range.  This  gives  rise  to  a  relatively 

large  inhoaogeneous  line  width  (Av^)  for  these  systeas  than  in 

crystalline  aaterials.  In  these  solids,  where  the  long  range 

structural  order  of  staple  crystals  is  absent,  not  only  the 

inhoaogeneous  width  but  also  the  homogeneous  linewidth  is  found  to  be 

broader  than  in  crystalline  materials^12'1*1 .  The  homogeneous 

broadening  in  glasses  has  been  interpreted1  in  teras  of  the  'two 

[19  201 

level  systea*  model1*'*  J  which  postulates  the  existence  of  a 
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tunnel lag-type  notion  of  atone  or  noleeules  between  two  inequivalent 

ninins.  Both  the  inhonogeneons  and  honogeneons  linewidths  of  Eu  in 

[21] 

glaaaes  have  been  found  to  be  sensitive  to,  and  well 

correlated  with  chenical  structural  changes  induced  by  the  addition  of 

Na20. 

At  higher  inpurity  concentration  in  glasses,  spectral  diffusion 

anong  the  inpurity  sites  due  to  the  nonradiative  exchange  of  electronic 

excitation  at  tenperatures  where  kT  >  Av^^  has  been  studied  using  tine 

resolved  fluorescence  line  narrowing  techniques .  The  time 

dependence  of  the  donor  enission,  which  is  sensitive  to  the  coupling 

[1  22-241 

nechanisn  and  disorder  in  donor-acceptor  distances  '  ,  has  been 

used^*^*^  to  show  that  the  transfer  is  dipolar  in  nature.  Similar 
resulta  are  obtained  with  crystalline  hosts,  where  a  dipolar  mechanism 
has  flso  been  found^^. 

In  the  case  of  molecular  crystals,  it  is  now  accepted  that  triplet 

T261 

exciton  transfer  results  from  the  electron  exchange  interaction1  . 

Energy  transfer  in  pure  crystals  is  well  understood  in  terms  of  the 
[261 

exciton  model  ,  where  the  electronic  energy  levels  of  the  molecules 

become  bands  in  the  crystal.  In  the  isotopic  mixed  molecular 

(disordered)  crystals,  the  large  increase  in  the  energy  transfer 

[6  7 1 

efficiency  at  some  critical  trap  concentration  '  has  been 

interpreted  in  terns  of  a  percolation  model  a  model  in  which  a 

[271 

transition  from  localized  to  extended  states  is  important  (as  in 

[281 

the  Anderson  transition1  J  model),  and  a  model  based  on  a  hopping 

[29] 

mechanism  of  excitation  transfer 

Disordered  solids  in  which  both  the  transition  energy  and  the 
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separation  changes  oyer  a  vide  range  have  a  number  of  properties  not 

possessed  by  crystalline  solids.  First,  the  excitation  energies  of  the 

different  aoleenles  in  the  disordered  solid  have  a  larger  spread  in 

excitation  energy  than  in  crystalline  solids,  resulting  in  a  larger 

inhoaogeneous  linevidth  for  the  former  (100  cm-1  as  compared  to  1  cm-1 

at  4.2  K).  Second,  in  disordered  solids,  the  distance  between 

molecules  that  can  exchange  excitation  energy  is  not  constant,  leading 

to  a  diffusion  coefficient  vhich  changes  in  time^®^  after  a  pulsed 

excitation  of  the  donor  in  the  system.  Third,  using  lasers,  a  set  of 

molecules  or  ions  within  the  inhomogeneous  profile  can  be  excited,  thus 

acting  as  the  donors.  Some  of  the  species  of  the  same  chemical 

remaining  unexcited  can  act  as  the  acceptors.  If  kT  >  At^,  then  all 

the  unexcited  species  are  indeed  potential  acceptors  and  the  energy 

transfer  process  occurs  to  species  of  higher  or  lower  frequency  than 

rail  3+ 

the  donor  by  phonon  assisted  processes  ,  e.g.  between  Eu  ions  in 
12  31 

phosphate  glasses1*** J .  If,  however,  kT  <<  Av^,  only  those  species 
with  transition  frequencies  equal  or  lower  than  those  excited  with  the 
laser  are  potential  acceptors,  e.g.  the  transfer  in  ODS  like  BCN^® 
at  4.2  K.  In  these  systems,  the  concentration  of  the  potential 
acceptors  can  be  changed  eontinuosly  by  simply  changing  the  wavelength 
of  a  tunable  laser  used  for  excitation.  Since  the  different  energy 
transfer  mechanisms  may  be  of  different  dimensionality  and  are  expected 
to  be  most  effective  at  different  ranges  of  donor-acceptor  separation, 
i.e.  at  different  time  scales  after  the  donor  excitation,  a  switch  in 
the  excitation  transfer  meohsnism  from  a  shorter  range  and  less 
isotropic  interaction  to  a  long  range  and  more  isotropic  interaction 
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Bight  be  observed  by  analysing  the  temporal  dependence  of  an  excited 
donor  population  at  a  certain  acceptor  concentration^32^,  e.g.  by 
adjusting  the  laser  excitation  wavelength  at  low  teaperatnres.  Such  a 
behavior  is  not  expected  for  crystalline  Materials. 

The  -  Sq  transition  of  BCN  at  low  teaperatnres  has  an 
inhomogeneous  width  on  the  order  of  100  cm-1.  This  linewidth  is  about 
two  orders  of  magnitude  larger  than  the  linewidth  observed  for  the 
corresponding  transition  in  1,4-dichloronaphthalene  (DCN)  and 
1,4-dibromonaphthalene  (DBN) ,  suggesting  that  the  width  in  BCN  is  due 

to  the  static  orientational  disorder  in  the  halogen  positions  in  the 

[121  [331 

crystal1  .  Comparative  studies  of  the  crystal  structures  and 

[341 

Kaman  spectra  of  this  1,4-dihalonaphthalene  series  show  that  the 

one-dimensional  stacking  feature  and  intermolecular  interactions  in  BCN 

are  similar  to  DBN  for  which  one  dimensional  exchange-type  triplet 

[351 

excitons  have  been  observed1  . 

Recent  results  on  the  time  resolved  phosphorescence  line  narrowing 

(TRPLN)  studies  at  4.2  K  (kT  <<  Av  )  have  shown ^  that  following 

inn 

pulsed  narrowband  excitation  on  the  low  energy  side  of  the  absorption 
profile  that  the  line  narrowed  component  (donor)  decays  with  time  while 
the  emission  from  lower  energy  sites  emerges  uniformly.  This  is 
interpreted  in  terms  of  a  unidirectional  high  to  low  energy  transfer. 
The  increase  in  the  donor  decay  rate  with  increasing  donor  site  energy 
is  interpreted  as  arising  from  the  increase  in  the  mole  fraction  of 
lower  energy  acceptor  sites  as  one  moves  to  higher  energies  within  the 
inhomogeneous  profile. 


In  this  paper,  we  present  the  temporal  behavior  of  the 
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phosphorescence  mission  intensity  of  laser  excited  triplet  energy 
donors  in  BCN  st  4.2  I.  Fran  the  analysis  of  the  donor  eaission  decay, 
the  coupling  aechanisa  can  be  inferred.  This  analysis  is  carried  out 
as  a  function  of  the  acceptor  concentration  (i.e.  the  excitation  laser 
wavelength).  The  ain  of  these  studies  is  to  look  for  possible 
switching  of  the  energy  transfer  aechanisa  in  a  disordered  solid  like 
BCN  as  the  donor-acceptor  separation  (i.e.  acceptor  concentration)  is 
changed.  The  results  suggest  that  a  possible  switching  froa  a 
one-diaecsional  exchange  to  a  three-diaensional  electric  dipole-dipole 
aiechansisa  takes  place  as  the  acceptor  concentration  is  reduced  below 
ten  aole  percent.  At  still  larger  donor-acceptor  separation,  none  of 
the  coupling  aechanisas  can  coape te  with  radiative  processes,  leading 
to  excitation  trapping.  Based  on  this  siaple  idea,  a  phenoaenological 
description  of  the  trapping  process  in  these  disordered  solids  is  given 
which  is  found  to  account  fox  the  observed  trapped  eaission  in  BCN  and 
to  give  energy  transfer  paraaeters  which  are  in  reasonable  agreeaent 
with  the  results  obtained  froa  the  decay  analysis  of  the  teaporal 
behavior  discussed  above.  Prel iainary  reports  of  this  work  have 
recently  been  coaaunicated^'*®^ . 

EXPERIMENTAL 

The  BCN  was  synthesised  froa  l-aaino,4-chloronaphthalene  by  aeans 

[12] 

of  a  procedure  described  elsewhere  .  The  aaterial  was  extensively 
zone  refined.  Crystals  were  grown  froa  the  aelt  in  a  Bridgeaann 
furnace.  The  4.2  %  neasureaents  were  carried  out  with  the  saaple 

ianersed  in  liquid  heliua. 

Spectr  were  re'*  rded  using  a  1-M  Jarrel  1-Ash  nonochroaator  with  a 
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2  c*  *  resolution  used  throughout.  Steady  state  phosphorescence 
spectra  were  obtained  by  excitation  with  the  3300  A  region  of  a  100  W 
aercury-xenon  laap.  Absorption  spectra  were  obtained  with  a  80  W 
quartz-halogen  laap.  Signal  was  averaged  with  a  PAR  Model  162  boxcar 
averager,  recorded  on  a  Tracor-Northern  NS-570A  multichannel  digitizer, 
and  analyzed  oa  a  PDP-11/45  computer. 

For  time  resolved  aeasureaents,  a  Quanta-Ray  DCR-1  Nd:YAG  pumped 
pulsed  dye  laser  at  a  repetition  rate  of  10  Hz  with  a  spectral  width  of 
0.3  cm  1  and  a  pulse  width  of  6  nsec  was  used  as  the  -  SQ  excitation 
source.  Tine  resolved  spectra  of  the  -  Sq  phosphorescence  of  the 
0,0-321  cm  1  band  in  the  wavelength  domain  were  recorded  with  the  PAR 
boxcar  averager.  The  temporal  dependence  of  the  donor  phosphorescence 
was  performed  by  carefully  tuning  the  monochromator  to  the  donor 
0,0-321  cm  1  band  so  as  to  follow  the  donor  intensity.  Spectra  were 
recorded  with  a  Biomat ion  805  waveform  digitizer,  averaged  with  a 
home built  signal  averaging  computer,  and  analyzed  on  a  PDP-11/45 
computer.  A  special  gated  phototube  was  used  in  order  to  reject 
scattered  laser  light.  Due  to  interference  from  switching  the  the 
focus  electrode,  the  first  10  psec  of  signal  following  the  laser  pulse 
was  rejected.  In  order  to  estimate  1^,  the  intensity  at  time  t=0,  IQ 
was  determined  by  extrapolating  a  log(I)  vs.  log(t)  fit  to  the  first 
10  to  50  psec  of  signal  to  t*0. 

ABSORPTION  and  EMISSION  SPECTRA  of  BCN 

The  broad  features  observed  in  the  T^  -  SQ  absorption  spectrum  of 
BCN  indicate  that  the  singlet-triplet  absorption  in  this  system  is 
inhomogeneously  brosdened.  The  nature  of  the  inhomogeneous  broadening 
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most  likely  arises  from  the  static  orientational  disorder  in  the 

broaiine  and  chlorine  positions  in  the  crystal.  The  orientational 

disorder  leads  to  an  inhomogeneous  distribution  of  the  site  energy  due 

to  the  disorder  in  the  static  crystal  shift  from  the  gaseous  excitation 

energy.  The  absorption  profile  of  the  0,0  band  of  the  singlet-triplet 

transition  of  neat  BCN  at  4.2  K  is  shown  in  fig.  1.  The  general 

characteristics  are  in  agreement  with  the  spectrum  reported  in  the 

literature1  .  Shown  in  fig.  1  is  a  fit  of  the  absorption  profile  to 

a  Gaussian  with  a  32  cm  A  width  (hwhm),  suggesting  an  inhomogeneous 

type  of  broadening.  A  temperature  dependent  study  of  the  absorption 

lineshape  for  BCN  has  shown  that  the  homogeneous  broadening  due  to 

interactions  with  phonons  is  much  smaller  than  that  due  to  the 
T121 

disorder  .  The  broad,  structureless, and  nearly  Gaussian  absorption 
profile  lend  support  to  the  interpretation  that  the  inhomogeneous 
profile  is  determined  by  the  static  structural  disorder. 

The  phosphorescence  profile  of  the  0,0  band  of  the  T^  -  Sq 

transition  of  neat  BCN  is  also  shown  in  fig.  1,  which  agrees  with  that 

[121 

previously  reported  .  The  phosphorescence  profile  is  observed  to  be 
narrower  than  the  absorption  profile  and  to  originate  from  the  low 
energy  sites  observed  in  absorption.  These  results  indicate  that  at 
4.2  K  a  rapid  phonon  assisted  energy  cascade  from  high  to  low  energy 
sites  occurs  in  neat  BCN  at  4.2  K.  At  temperatures  where  kT  << 
inhomogeneous  width,  energy  transfer  from  low  to  high  energy  sites  will 
be  negligable  since  energy  transfer  from  low  to  high  energy  sites 
requires  the  population  of  phonons  which  will  be  small  in  this 
temperature  regime.  We  will  return  to  the  origin  of  the 
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phosphorescence  profile  after  describing  the  results  of  the  time 
resolved  phosphorescence  line  narrowing  (TRPLN)  studies  in  this  system. 
DYNAMICS  of  SPECTRAL  DIFFUSION  in  BCN 

The  results  of  the  TRPLN  studies  reported  in  ref.  8  show  that 
spectral  diffusion  of  the  T^  -  Sq  transition  energy  occurs  in  BCN, 
where  the  band  shape  of  the  first  vibronic  band  was  monitored  as  a 
function  of  delay  time.  The  results  show  that  the  line  narrowed 
component  decreases  in  intensity  preserving  its  width,  while 
phosphorescence  from  the  lower  energy  acceptors  increases  in  intensity. 
The  acceptor  phosphorescence  is  observed  to  increase  uniformly  in  time 
and  at  long  times  resembles  the  steady  state  phosphorescence  of  the 
0,0-321  cm  ^  band. 

The  results  of  the  dependence  of  the  rate  of  spectral  diffusion  on 
the  donor  site  excitation  energy  reported  in  ref.  8  show  that  the 
energy  transfer  rate  is  strongly  dependent  on  the  donor  excitation 


energy.  Excitation  at  lower  energies  within  the  absorption  profile 
result  in  phosphorescence  mainly  from  the  initially  excited  sites. 
With  excitation  at  higher  energies  within  the  absorption  profile  the 
relative  donor  to  lower  energy  acceptor  phosphorescence  decreases 
uniformly.  For  excitation  at  4937  A  only  the  acceptor  emission  is 
observed  on  the  time  scale  used.  Excitation  at  higher  energies  within 
the  inhomogeneous  profile  results  in  emission  only  from  the  lower 
energy  sites.  The  phosphorescence  from  the  low  energy  acceptors 
following  pulsed  excitation  within  the  0,0  absorption  profile  at 
energies  higher  than  4937  A  is  similar  in  both  width  and  position  to 
the  phosphorescence  profile  observed  with  steady  state  broadband 
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excitation  of  the  -  Sq  transition.  These  results  show  that  the 
energy  cascades  down  to  the  sane  energetic  distribution  of  sites 
regardless  of  the  initially  excited  site  energy  for  energies  higher 
than  the  phosphorescence  profile. 

The  1KPLN  results  confirm  that  the  absorption  profile  is 

inhoaiogeneously  broadened  and  that  a  one  way  energy  transfer  from  high 

to  low  energy  sites  occurs  in  this  systesi.  In  the  BCN  system  at  4.2  K, 

kT  ~  3cm  *  while  the  inhomogeneous  width  is  64  cm  *  (fwhm).  At  this 

temperature,  transfer  from  low  energy  sites  to  higher  energy  sites  by 

the  absorption  of  one  phonon  is  negligable  since  this  process  requires 

the  population  of  phonons  of  energy  AE^  >>  kT,  where  AE^  i«  the 

energy  mismatch  between  the  donor  and  acceptor  sites,  which  will  be 

very  small.  For  the  same  reason,  the  higher  order  Raman  and  Orbach 

1311 

type  phonon  assisted  processes1"^  for  transfer  from  low  to  high  energy 
sites  will  also  be  unimportant  at  this  temperature. 

The  time  developaient  of  the  low  energy  acceptor  phosphorescence 
reported  in  ref.  8  shows  that  the  initially  excited  line  narrowed 
component  decreases  in  time  preserving  its  width  while  the  low  energy 
acceptor  phosphorescence  emerges  uniformly  resembling  the  steady  state 
phosphorescence  profile  at  all  times.  The  acceptor  phosphorescence 
does  not  simply  reflect  the  energetic  distribution  of  all  of  the  lower 
energy  acceptors  which  is  given  by  the  tail  of  the  Gaussian  for  E  <  E  , 
where  E^  is  the  energy  of  the  initially  excited  donors.  For  symmetric 
energy  transfer,  where  transfer  to  higher  or  lower  energy  sites  occurs 
with  a  similar  probability,  the  details  of  the  emergence  of  the 
acceptor  profile  and  the  wavelength  dependence  of  the  energy  transfer 
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rate  can  be  need  to  deteniat  the  dependence  of  the  energy  transfer 

ro<  aii 

rate  on  the  donor-acceptor  energy  mismatch  *  J .  The  interpretation 
of  the  energy  mismatch  dependence  when  energy  transfer  is  observed  to 
take  place  only  to  lower  energy  acceptor  sites  is  complicated  by  the 
increase  in  the  density  of  lower  energy  acceptors  as  the  energy  of  the 
donor  is  increased.  This  could  explain  the  increase  in  the  energy 
transfer  rate  with  increasing  donor  site  energy.  The  analysis  of  the 
temporal  development  of  the  low  energy  acceptor  phosphorescence  is  thus 
complicated  by  spectral  diffusion  within  the  acceptor  system.  For  an 
initial  transfer  step  from  the  initially  excited  donor  at  energy  to 
an  acceptor  at  energy  E^  where  AE^  is  small  on  the  scale  of  the 
average  donor-acceptor  energy  mismsatch,  the  time  scale  of  a  second 
transfer  step  from  to  a  still  lower  energy  acceptor  will  be 

comparable  to  the  initial  transfer  time  from  E^  to  E The  occurence 
of  multiple  transfer  steps  fox  a  single  excitation  will  prevent  the 
observation  of  phosphorescence  from  the  full  acceptor  density  at  higher 
acceptor  energies.  The  emergence  of  the  phosphorescence  from  the  full 
spectrum  of  lower  energy  acceptors  resembling  the  steady  state 
phosphorescence  profile  regardless  of  the  initial  excitation  energy 
indicates  that  the  energy  transfer  process  is  only  weakly  dependent  on 
the  energy  mismatch.  The  increase  in  the  energy  transfer  rate  with 
increasing  donor  excitation  energy  is  then  predominantly  due  to  the 
increase  in  the  density  of  acceptors.  We  now  turn  to  the  temporal 
dependenee  of  the  donor  intensity  and  assume  that  the  acceptor 
concentration  can  be  described  by  the  mole  fraction  of  sites  with 
energie*  equal  to  or  less  than  the  initial  donor  excitation  energy. 
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TEMPOKAL  BEHAVIOR  of  the  DONOR  EXCITATION  PROBABILITY 

The  inhomogeneous  broadening  of  the  T^  -  Sq  transition  energy  in 
BGN  is  assumed  to  be  microscopic  in  nature  with  a  random  spatial 
distribution  of  transition  energies.  A  high  degree  of  correllation  in 
site  energies  would  most  likely  result  in  a  distortion  of  the  low 
energy  acceptor  phosphorescence  profile  with  different  excitation 
wavelengths  due  to  preferential  energy  transfer  to  a  particular  type  of 
acceptor.  The  uniformity  of  the  acceptor  phosphorescence  with  time  and 
donor  excitation  wavelength  suggest  that  the  site  energies  are  to  a 

good  degree  uncorellated,  at  least  on  the  low  energy  tail  of  the 

absorption  profile  where  all  of  our  measurements  have  been  made.  The 
random  nature  of  the  site  energies  at  the  low  energy  side  of  the 

absorption  profile  results  in  a  distribution  of  the  distances  between 
donor  and  lower  energy  acceptors.  For  a  single  donor  acceptor  pair  the 
energy  transfer  rate  V(R),  where  R  is  the  position  of  the  acceptor,  can 
b.  written 

WOO  -  j.rpIrU-*)]  (1) 

for  isotropic  exchange  coupling,  and 

W(R)  -  ~(d/R) *  (2) 

for  isotropic  multipolar  interactions.  Equ.  1  and  2  are  expressed  in 
terms  of  d,  the  nearest  neighbor  distance,  and  x  ,  the  transfer  time 
from  a  donor  to  an  acceptor  at  a  distance  d.  In  equ.  1,  y  is  a 
measure  of  the  dependence  of  the  transfer  rate  on  distance  for  exchange 
eoupling.  The  exponent  s  in  equ.  2  is  6,  8,  10  for  electrostatic 

dipole-dipole,  dipole-quadrupole,  or  quadrupole-quadrupole  interactions 
respectively. 


In  order  to  describe  the  tiae  dependence  of  the  donor  excite tion 
probability,  P(t),  in  a  aacroscopic  systea,  a  statistical  averaging  of 

the  distances  K  is  necessary.  The  distance  averaging  was  first  treated 

f  221 

by  Inoknti  and  Hirayaaa1,  for  exchange  and  anltipolar  interactions  in 

three  diaensions  and  later  generalized  to  all  diaensions  for  both 
f241  [231 

exchange  and  anltipolar  interactions.  The  time  dependence  of 

the  donor  excitation  probability,  after  correcting  for  the  first  order 

[241 

radiative  decay,  for  exchange  coupling  can  be  described  by 

ln[P(t) ]  =  -aV^  (Yd)  A  c  g^C-V^) 


(3) 


where  is  the  volume  of  a  unit  sphere  in  a  space  of  A  dimensions, 

a  is  a  constant  ~  1  whose  exact  value  depends  on  the  lattice  geometry, 

t  Yd 

and  c  is  the  acceptor  concentration.  The  function  g(— e  )  is 
given  by'241  A 


gl(JeTd)  -  ln[Vd]  +  0.57722 


(4a) 


g,(£eYd)  -  ln2[JeYd]  +  1 .15443 ln[ieYdl  +  1.97811  (4b) 

*  t  t  t 

g-(|eYd)  «  ln3[Vdl  +  1 .7 3165 In2 l~eYd) 

9  X  X  X 


+  5.934341n[|aYd]  +  5.44487 


(4c) 


For  anltipolar  interactions,  the  tiae  dependence  of  the  donor 

excitation  probability,  after  correcting  for  the  first  order  radiative 

[231 

decay,  can  be  described  by 

ln[P(t)l  -  -VAr(l”)c(t/T)A/*, 


(5) 


where  f(l-/s)  is  the  gaaaa  function.  The  above  results  were  obtained 
for  low  acceptor  concentrations  and  neglecting  bach  transfer  from 
acceptor  to  donor. 

It  is  generally  accepted  that  triplet-triplet  energy  transfer  in 
organic  molecular  crystals  is  of  the  exchange  type.  Though  the  nature 
of  the  exchange  interaction  is  of  short  range,  even  trap  to  trap 
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Migration  of  triplet  excitations  over  an  order  of  10  intervening  host 

molecules  in  mixed  organic  crystals  has  been  interpreted  in  terns  of 

[381 

exchange  or  superexchange  .  In  a  study  of  the  exciton  dynamics  in 

r  351 

DBN  ,  it  was  found  that  the  exciton  could  veil  be  described  by  a  one 
dimensional  behavior  along  the  DBN  stack  with  a  nearest  neighbor 
exchange  coupling  0  of  7.4  cm  ^ ,  where  Tsh/0.  The  one  dimensional 
behavior  was  attributed  to  the  strong  px  orbital  overlap  between 
nearest  neighbors  in  a  direction  almost  perpendicular  to  the  molecular 
plane.  In  a  comparative  study  of  the  crystal  structures  of  the 
1,4-dihalonaphthalenes  it  was  found  that  although  DCN  and  BCN 
crystallize  in  a  somewhat  different  structure  (M^/c.ZM)  than  DBN 
(P2^/c,Zs8)  both  structures  show  a  very  similar  stacking  feature 
suggesting  that  the  BCN  structure  should  also  show  a  one  dimensional 

[331 

intermolecular  interaction  .  The  study  of  the  Raman  spectra  in  the 
neat  and  mixed  crystals  has  suggested  that  the  intermolecular 

[341 

interactions  in  the  1,4-dihalonaphthalenes  are  similar1  . 

Because  of  the  similarities  of  the  interactions  in  the  BCN  crystal 
to  those  in  the  DBN  crystal,  where  one  dimensional  exchange-type 
excitons  are  observed,  we  will  first  examine  the  temporal  dependence  of 
the  donor  phosphorescence  intensity  in  terms  of  one  dimensional 
exchange  interactions  in  order  to  test  if  this  dimensionality  and  type 
of  interaction  is  preserved  for  the  long  range  (greater  than  nearest 
neighbor  at  low  acceptor  concentrations),  nonresonant  energy  transfer 
that  results  from  the  inhomogeneity  of  the  T^  -  Sq  transition  in  BCN. 
The  fit  of  the  donor  excitation  probability  after  correcting  for  the 
first  order  radiative  decay,  P(t),  to  the  one  dimensional  exchange 
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■tckinia  using  equs.  3  and  4s  for  several  excitation  wavelengths  on 
the  low  energy  tail  of  the  0,0  band  of  the  T^  -  S,  transition  of  BCN  is 
shown  in  fig.  2  where  we  plot  log[P(t)]  vs.  log(t).  The  quantity 
P(t)  *  I(t)exp(t/tQ> ,  where  I(t)  is  the  phosphorescence  intensity 
normalized  to  one  at  t-0  and  xQ  is  the  radiative  lifetime  in  the 
absence  of  energy  transfer.  On  this  choice  of  scales,  the  decay  should 
be  linear  for  energy  transfer  to  randaaly  distributed  acceptors  in  one 
distension  by  the  exchange  mechanism  with  a  slope  of  -c/yd.  The  fit  to 
this  mechanism  and  dimensionality  at  short  times,  although  poor  at 
longer  wavelengths  (lower  acceptor  concentrations),  is  very  good  at 
shorter  wavelengths  (4940  A)  where  the  acceptor  concentration  is 
higher. 

Ve  now  discuss  the  acceptor  concentration  dependence  of  the  slopes 
of  the  fit  to  the  one  dimensional  exchange  mechansin  shown  in  fig.  2. 
Ve  have  previously  described  the  acceptor  concentration  in  the  BCN 
system  at  4.2  K  as  the  mole  fraction  of  BCN  molecules  whose  -  Sq 
transition  frequencies,  v,  are  <  the  donor  transition  frequency,  v 

exc 

For  a  Gaussian  distribution  of  site  energies,  the  mole  fraction  of 
sites  having  transition  frequencies  <  v,  X^,  is  given  by 

Xv  "  f1<1J2)1/2/r<T,«xpt--l,,2((T'-villx)/r)2]dv'  (6) 

where  f  i*  the  Gaussian  width  (hwhn)  centered  at  v  From  fig.  1  we 

BAX 

find  f  ■  32  cm  1  and  v  *  20284  cm  1  for  the  0,0  band  of  the  T,  -  S. 
transition  of  BCN  at  4.2  X.  The  magnitude  of  the  slope  of  the  1-D 
exchange  fit,  ~ai_j)  g  ▼•.  Xy  is  shown  in  fig.  3.  The  solid  line  is 
the  graph  of  -m^_D  E  »  Xy/yd  where  yd  ■  0.1.  Exchange  interactions  are 
uaually  of  shorter  range,  i.e.  yd  >>  1,  with  yd  ■  5  being  typical  for 
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many  aromatic  systeas  .  For  illustrative  purposes,  the  expected 
concentrstion  dependence  of  £  for  yd  equal  to  5  is  also  displayed 

in  fig.  3.  Frca  the  poor  fit  of  the  1-D  exchange  aechanisa  ve 
conelnde  that  this  aechanisa  is  not  the  dominant  energy  transfer 
aechanias  for  the  excitation  energies  used  here.  At  these  relatively 
low  acceptor  concentrations,  super exchange,  rather  than  the  exchange 
aechanisa  aay  be  expected  to  be  dominant.  For  the  superexchange 
aechanias  the  rate  of  energy  transfer  at  a  distance  (N+l)d  is  given 
by1381 

W(R)  =  iexp(Nln(p/AE))  (7) 

where  AE  is  the  separation  between  host  and  donor  singlet-triplet 

transition  energies  and  is  >>  0.  Frca  the  similarity  of  equs.  1  and  7 

one  can  see  that  the  fora  of  the  superexchange  interaction  is  the  same 

as  the  exchange  interaction  with  -ln(0/AB)  equivalent  to  yd.  Equ.  3 

aay  then  describe  the  donor  excitation  probability  with  yd  **  -ln(0/AE). 

Ve  define  the  host  species  in  BCN  as  those  aolecules  with  transition 

frequencies  v  >  v  .  Taking  the  absorption  aaxiaum  as  an  effective 
cxc 

host  energy  level  one  obtains  AE  ■  37  to  70  cm  1  for  the  excitation 
energies  used  here.  For  0  <<  37  ca  3  the  temporal  decay  of  the  donor 
excitation  probability  should  be  linear  on  a  log[P(t)]  vs.  log(t) 
scale  for  the  superexchange  mechanism.  The  poor  fit  at  the  longer 
excitation  wavelengths  shown  in  fig.  2  indicate  that  the  superexchange 
aechanism  is  also  not  important  at  low  acceptor  concentrations.  For 
excitation  at  4940  A,  the  decay  appears  to  fit  the  superexehange 
aechania  with  "■1_D  g  “  0.78.  Taking  -a^j  g  *  c/t-ln(0/AE)  J  with  c  - 
0.066  frca  equ.  (6)  and  AE  *  41  ca  3  for  excitation  at  4940  A,  one 
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obtains  P  *  38  cm  *  for  BCN.  This  value  is  nnoh  greater  than  the  7.4 
•  value  observed  for  P  in  the  DBN  crystal  which  should  show  a 
similar  exchange  coupling.  It  also  yields  a  value  for  AE/p  of  about 
unity  for  which  the  description  of  the  superexchange  coupling  in  equ. 
7  nay  not  be  entirely  valid.  In  addition,  the  description  of  the 
superexehange  coupling  given  in  equ.  7  assumes  a  constant  energy 
separation  AE.  In  the  BCN  system,  however,  the  individual  host  energy 
levels  are  not  constant,  with  a  spread  of  transition  frequencies  given 

by  Av.  .  .  The  use  of  equ.  7  for  the  description  of  the  superexchange 

inn 

coupling  with  an  effective  AE,  and  the  subsequent  analysis  using  equ. 
3,  may  not  be  adequate  for  this  system,  where  the  disorder  in  host 
energy  levels  is  comparable  to  AE.  A  theoretical  examination  of  the 
superexchange  mechanism  for  energy  transfer  in  a  disordered  host  is 
indeed  needed. 

Ve  now  consider  the  possibility  that  the  energy  transfer  in  the 
BCN  system  at  the  long  wavelength  region  of  the  absorption  band  where 
the  acceptor  concentration  is  low  may  arise  from  more  isotropic 
interactions.  One  dimensional  exohange  type  interactions  have  been 
found  to  be  unable  to  account  for  the  temporal  dependence  of  the  donor 
excitation  probability.  At  low  acceptor  concentrations,  where  energy 
transfer  to  acceptor  sites  at  distances  greater  than  the  nearest 
neighbor  distance  is  important,  more  isotropic  interactions  may 
dominate  over  a  one  dimensional  interaction.  Ve  now  examine  the 
temporal  dependence  of  the  donor  excitation  probability  in  terns  of  the 
dipole-dipole  interaction  in  three  dimensions  since  this  interaction  is 
more  isotropic  and  also  has  a  slower  distance  dependence  than  the 
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exchange  interaction  in  this  crystal. 

The  fit  of  the  P(t)  to  the  three  diaensional  dipolar  interaction 
using  equ.  5  for  the  sane  excitation  wavelengths  nsed  in  fig.  2  is 
shown  in  fig.  4  where  we  plot  log[P(t)]  vs.  t*^ .  On  this  choice  of 
scales  the  decay  should  be  linear  with  a  slope  proportional  to  the 
acceptor  concentration.  At  the  longest  wavelength  (4947  A)  the  decay 
is  well  described  by  the  3-D  dipole-dipole  fora,  while  at  shorter 
wavelengths  deviations  fraa  the  fit  are  observed  at  early  tiaes.  At 
4940  A  we  were  unable  to  fit  any  sizable  portion  of  the  decay  to  the 
dipolar  fora.  These  results  suggest  that  at  long  excitation 
wavelengths  (low  acceptor  concentration)  and  at  long  tines  that  the 
dipolar  interaction  doainates  the  energy  transfer  in  this  systea.  At 
short  tiaes  and  short  excitstion  wavelengths  (corresponding  to  shorter 
donor-acceptor  distances)  other  interactions  beccae  important  and  the 
deeay  curve  deviates  froa  the  dipolar  foxa.  At  shorter  donor-acceptor 
distances  the  one-diaensional  exchange  or  possibly  three  diaensional 
exchange  interactions  nost  likely  beeaae  in  port ant  also.  For 
excitation  at  4940  A,  which  correspond  to  relatively  high  acoeptor 
concentration,  both  exchange  and  dipolar  interactions  nay  be  active, 
which  could  account  for  our  inability  to  interpret  the  deeay  in  terns 
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As  further  evidence  of  the  dipolar  nature  of  the  decay,  we  show  in 

fig.  3  the  acceptor  concentration  dependence  of  -u^d  p_p,  where 

1/2 

*3D  D-D  **  ‘lope  of  the  fitted  line  in  the  log[P(t)]  vs.  t 
plot.  a^Q  shows  the  predicted  linear  dependence  on  concentration 

according  to  equ.  3.  The  solid  line  in  fig.  3  is  the  best  fit  line 


—1/2 

witk  “*3D,D-D  *  1,8  |1*ec  *c  +  °*013)*  Although  *3D  ^  does  not 

extrapolate  to  aero  at  zero  acoeptor  concentration,  this  may  be  dne  to 

either  errors  in  oar  estimation  of  the  acceptor  concentration  from  the 

asswption  of  a  Gaussian  absorption  profile  (see  fig.  1)  or  from 

contributions  to  the  decay  from  exchange  coupling.  For  =  i.j 

3D, D— D 

-1/2 

psec  e,  one  obtains  frcm  equ.  5  a  value  for  the  transfer  time  at 
the  nearest  neighbor  distance  for  dipolar  coupling  =  17  psec. 

TRAP  mOSIBORESCENCE  PROFILE  of  BCN  at  4.2  K 

In  the  previous  sections  ve  have  described  the  spectral  diffusion 
in  the  BCN  system  at  4.2  K  in  terns  of  a  one  way  high  to  low  energy 
transfer  process  in  which  the  increasing  mole  fraction  of  lower  energy 
acceptors  as  one  goes  to  higher  energies  within  the  inhonogeneously 

broadened  -  Sq  absorption  profile  plays  an  important  role.  These 
features  are  manifested  in  the  phosphorescence  profile  of  the  same 

transition  which  is  narrower  than  the  absorption  profile  and  originates 
frcm  the  lower  energy  sites.  In  this  section  we  develop  a  simple  model 
for  the  phosphorescence  profile  in  which  the  energy  cascades  down  from 
higher  to  lower  energy  sites  until  sites  are  reached  for  which  the 
transfer  rate  becomes  slower  than  the  radiative  decay  rate. 

The  decay  of  an  energetically  excited  donor  site  in  the  presence 
of  acceptors  can  occur  by  radiative  and  nonradiative  unimolecular 

process  or  by  the  donor  transfering  its  excitation  nonradiatively  to  an 
acceptor.  The  radiative  and  nonradiative  unimolecular  processes  are 
taken  to  be  independent  of  the  nature  of  the  excited  site  and  to  occur 
with  a  rate  of  l/x^,  where  Tq  is  the  decay  time  in  the  absence  of 

acceptors.  In  the  presence  of  acceptors  the  donor  may  transfer  its 


energy  nonradiatively  through  either  multipolar  or  exchange  type 

interaotiona  where  W(R)  ia  given  in  equ*.  1,  2,  and  7  for  exchange, 

multipolar,  and  anperexchange  interactiona,  respectively.  One  can 

define  an  interaction  radina,  R* ,  aa  the  donor-acceptor  diatance  for 

which  the  energy  tranafer  rate  ia  equal  to  the  unimolecular  decay 
[371 

rate  .  From  equa.  1,  2,  and  7  one  finda 

R0  -  R'/d  -  (T0/t)1/*  (8a) 

R0  “  1  +  Jdln(VT>  (8b) 

R0  "  1  +  ^nlp'/AE) ln(t0P/h)  *8c* 

for  multipolar,  exchange,  and  anperexchange  interactiona,  reapectively, 

where  R^  ia  the  interaction  radiua  in  unite  of  the  lattice  apacing,  d. 

The  radiative  quantum  yield,  fl(R),  for  a  donor  with  an  acceptor  at 

diatance  R  ia  given  by 

v1 

C(R) - 2_ -  {9) 

xQ  l+W(R) 

where  ia  the  radiative  decay  rate.  Uaing  equa.  8a  and  8b  one  can 
write  the  quantum  yield  in  texrnr  of  R'  aa 

•<R)  -  [1  +  (R*/R)*]_1  (10a) 

*(R)  -  [1  +  exp(yd(R-7d  -  R/d))]_1  (10b) 

for  multipolar  and  exchange  interactiona  reapectively.  A  form  aimilar 
to  10b  exiata  for  the  anperexchange  interaction.  Equa  10a  and  10b 
yield  aipaoid  type  curvea  with  Q(R)  =  1/2  at  R  =  R* .  Ve  now 

approximate  10a  and  10b  with  a  step  function  where  S(R)  =  0  if  R  <  R' 
and  S(R)  ■  1  if  R  >  R*.  An  electronically  excited  moleoule  with  no 
lower  energy  acceptora  at  a  diatance  R  <  R*  ia  then  aaatmed  to  emit 


PAGE  20 


radiation  while  a  molecule  with  a  lower  energy  acceptor  at  R  <  R*  will 
tranafer  its  excitation  before  emitting  and  will  not  be  seen  in 
emission.  The  nnaber  of  sites  (excluding  the  one  occupied  by  the 
donor)  within  the  interaction  volme,  n,  is  given  by 
n  «=  4/3n  RQ3  -  1  (11a) 

n  »  2 i&q2  -1  (lib) 

n  “  21q  -  1  (11c) 

for  3-D,  2-D,  and  1-D  interactions,  respectively. 

We  now  consider  the  steady  state  excitation  of  sites  on  the  high 
energy  side  of  the  inhomogeneous  profile  where  the  probability  of  an 
acceptor  site  being  in  the  interaction  volme  of  the  initially  excited 
site  is  near  unity.  The  initial  excitation  will  thus  transfer 
exothexmally  with  unit  probability.  The  exothemic  energy  transfer 
process  continues  until  a  site  is  reached  for  which  no  lower  energy 
acceptors  lie  within  the  interaction  voluue.  The  excitation  is  thus 
trapped  and  will  then  radiate.  Assaying  that  the  initial  excitation 
finds  these  trapping  sites  with  equal  probability,  the  emission  profile 
will  represent  the  energetic  distribution  of  sites  for  which  no  lower 
energy  acceptors  lie  within  the  interaction  volme.  The  distribution 
of  trapping  sites,  I(v),  can  be  obtained  frcm  calculating  as  a  function 
of  v,  the  product  of  the  probability  that  a  site  at  energy  v  has  no 
lower  energy  acceptors  within  the  interaction  volme,  Pr(v),  and  the 
relative  nunber  of  sites  at  energy  v,  N(v),  i.e. 

I(v)  *  Const. Pr(v)  N(v)  (12) 

The  probability,  Pr(v),  that  an  energetically  excited  site  has  no 
lower  energy  acceptors  within  the  interaction  volme  given  by  n  is  (1  - 
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X^)n.  For  m  inhonogeneously  brotdeud  tingle  component  (i.e.  nett) 
crystal  with  a  Gansaian  absorption  profile,  the  corresponding  eaiission 
profile,  I(v),  is  given  by 

I(v)  -  Const.  (1  -  Xv)ne*p(-ln2((v-vmiix)/f)2) ,  (13) 

where  X^  is  given  by  equ.  6.  For  an  optieally  active  gnest  species  in 
a  apeetrally  inert  host  lattice  where  the  gnest  species  occnpy  the  host 
lattice  with  probability  p  (given  by  the  overall  mole  fraction  of  the 
gnest),  equ.  12  still  holds  with  X  =  x  'p,  where  X  '  is  determined 
frost  the  gnest  absorption  profile  using  eqn.  6. 

The  emission  lineshape  for  several  values  of  n  in  the  range  of  10 
to  10,000  sites  for  a  single  component  disordered  crystal  are  displayed 
in  fig.  6,  along  with  the  Ganssian  absorption  profile.  Fig.  6 
illustrates  that  ..s  the  interaetion  volmse  gets  larger,  the  emission 
profile  is  shifted  further  to  lower  energy  and  the  emission  linewidth 
narrows.  These  results  can  be  understood  with  the  physical  model  used 
here.  For  a  particular  energetically  excited  site,  the  probabiliy  of 
finding  a  lower  energy  aoeeptor  site  within  the  interaction  voluae 
grows  with  the  interaction  volmse.  The  energetic  distribution  of 
trapped  sites  is  thus  shifted  to  lower  energy  where  the  concentration 
of  possible  lower  energy  aooeptors  is  aaller.  The  shift  in  the 
emission  maximtm  from  the  absorption  maximma  and  the  emission  linewidth 
vs.  the  interaction  volmse  are  plotted  in  figs.  7  and  8, 
respeetively.  Fran  the  absorption  and  emission  spectra  of  a  system, 
one  oan  find  n  from  the  energy  difference  of  the  absorption  and 
emission  maxima  using  fig.  7.  Similarly  one  can  also  detesmine  n 
using  the  emission  linewidth  and  fig.  8.  Knowing  n,  one  can  infer  the 
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microscopic  energy  tmifir  pitaetert  in  eq».  1,  2,  or  7  frca  eq*.  8 
accusing  a  particular  ooupliag  mechanise  tad  dimensional ity . 

The  phosphorescence  profile  of  the  0,0  baud  of  BQt  at  4.2  K  along 
with  the  ealomlated  eaiaaioa  ape o true  uaiag  equ.  13  with  a  «*  365  sites 
ia  ahowa  in  fig.  1,  where  the  calculated  and  observed  spectra  are 
found  to  be  ia  good  agreaaeat.  Ve  now  discuss  this  interaction  volae 
in  teas  of  the  different  energy  transfer  mechanises  which  night  be 
expected  to  be  important  in  BCN.  The  3(5  sitea  contained  in  the 
interaction  volrae  would  yield  an  interaction  radius,  R^,  of  182  for  a 
one  dimensional  interaction.  Uaing  0-7.4  cm-1,  xQ  «=  20  msec  for  BCN 
one  obtains  from  equ.  8b  a  value  for  direct  exchange  of  yd  -  0.1. 
Exchange  interactions  are  uaually  of  shorter  range,  i.e.  yd  >>1,  with 
yd  -  5  being  typical  for  many  arosatic  systens^^.  For  auperexohange , 
one  can  estimate  AE  in  this  system  as  the  energy  separation  between 
absorption  and  emission  maxima.  Using  AB  ■  76  cm"1  one  finds  J i  -  66 
cm  *  for  the  1-D  superexchange  mechanics.  This  value  of  0  is  about  an 
order  of  magnitude  larger  than  the  value  deteained  for  DBN. 
Considering  three  dimensional  interactions  with  n  -  365  sites,  one 
obtains  RQ  -  4.5.  For  direct  exchsnge  in  three  dimensions,  using  0  - 
7.4  as  *  as  an  upper  limit  for  the  isotropic  exchange  interaction,  one 
obtains  yd  <  7  using  equ.  8b.  For  superexchange  with  AE  -  76  cm*  one 
obtains  an  isotropic  0  -  0.6  cm-1  txm  equ.  8c.  For  dipole-dipole 
coupl ing  in  three  dimensions  one  obtains  from  equ.  8a  a  value  for  the 
nearest  neighbor  transfer  time  v  ■  2.6  psee.  The  results  of  this 
analysis  of  the  phosphorescence  profile  provide  further  support  to  the 
conclusion  that  the  energy  transfer  is  three  dimensional  for 


exoitstions  ©a  tit*  lot  energy  side  of  the  absorption  profile.  At 
higher  excitation  energies  where  nearest  neighbor  transfer  is 
in  port  ant,  the  energjr  transfer  nay  be  one  dimensional.  The  fit  of  the 
Mission  profile  to  eqn.  13  gives  the  interaetion  volme  for  the 
interaetion  with  the  largest  range.  An  interaetion  with  a  mailer 
range*  even  with  a  stronger  eospling  within  that  range,  would  be 
unimportant  in  determining  the  mission  profile. 
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FIGURE  CAPTIONS 


Fif.  1  Tlie  Mission  and  absorption  spectra  of  the  T  -  SQ  transition  of 
l-breno,4-chloronaphthalene  (BCN)  at  4.2  X.  The  observed  absorption 
profile  of  tbe  zero  phonon  line  of  the  0.0  band  is  fitted  to  a  Ganssian 
centered  at  20284  cm  *  with  f  ■  32  cm  *  (solid  line).  The  observed 
narrowed  emission  profile  centered  at  20208  cm  *  along  with  the 

calculated  emission  lineshape  (solid  line)  using  eq.  12  with  n  *=  365 
sites. 

Fig.  2  The  fit  of  the  early  portion  of  the  decay  of  the  triplet  excitation  due 

to  triplet-triplet  energy  transfer  to  an  exchange  mechanise  for 

different  excitation  wavelengths  (4947  A,  4943  A,  4942  A,  and  4940  A 
from  top  to  bottom,  respectively)  within  the  0,0  band  of  the  T^  -  Sq 
transition  in  l-bromo,4-chloronaphthalene  at  4.2  K.  The  range  of  the 
fit  increases  as  the  excitation  wavelength  decreases,  i.  e. ,  as  the 
acceptor  concentration  increases. 

Fig.  3  The  magnitude  of  the  slope  of  the  1-D  exchange  fit  {~*l-D,E^  to  the 

early  portion  of  the  decay  of  the  triplet  excitation  shown  in  fig.  2 

vs.  the  mole  fraction  of  lower  energy  acceptors  (X^)  determined  frcm 

equ.  6  for  BCN  at  4.2  X.  The  solid  line  is  the  graph  of  E  = 

X^/yd  where  yd  -  0.1.  The  dashed  line  is  for  yd  -  5,  a  value  typical 

[391 

for  many  aromatic  systems 

Fig.  4  The  fit  of  the  long  time  portion  of  the  decay  of  the  triplet  excitation 
of  the  0.0  band  of  the  T^  -  SQ  transition  of 
1-bromo , 4-chl oronaphthal ene  at  4.2  X  due  to  triplet-triplet  energy 
transfer  to  a  three  dimensional  dipolar  mechanic  for  the  excitation 
wavelengths  given  in  fig.  2.  The  range  of  the  fit  is  better  at  longer 
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excitation  wavelengths,  i.  e.,  at  low  acceptor  concentrations. 

Fig.  5  The  aagnitude  of  the  slope  of  the  3-D  dipole-dipole  fit  (-*_n  )  to 

the  long  tine  portion  of  the  triplet  excitation  shown  in  fig.  4  vs. 

the  sole  fraction  of  lower  energy  acceptors  (X  )  for  BCN  at  4.2  K. 

v 

a3-D  DD  tk®  predicted  linear  dependence  on  acceptor  concentration 

for  dipole-dipole  conpling. 

Fig.  6  The  mission  profile  I(v)  for  a  Ganssian  absorption  profile  in  a  single 
cmponent  crystal  with  an  energy  transfer  interaction  volone  of  n 
sites.  Plotted  f ron  right  to  left  are  the  Ganssian  absorption  profile 
and  the  emission  profiles  for  n  **  101,  102,  103,  and  10*  sites 
respectively.  The  enission  profile  is  found  to  shift  to  lower  energy 
and  to  narrow  in  width  with  increasing  n. 

Fig.  7  The  shift  in  the  guest  emission  aaxiaun  f ran  the  absorption  aaxiam 
nomalized  by  the  Gauaaian  absorption  width  f  (hwha)  vs.  the 

interaction  volrne  n.  Froa  bottaa  to  top,  these  curves  are  for  guest 
■ole  fractions  p  “  1.0,  0.5,  0.2  and  0.1  respectively. 

Fig.  8  The  guest  emission  linewidth  (fwla)  nomalized  by  f  vs.  the 

interaction  volone  n.  Froa  bottaa  to  top,  these  curves  are  for  guest 
■ole  fractions  p  *  1.0,  0.5,  0.2  and  0.1  respectively. 
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